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1. INTRODUCTION 

Increasing the low quality of loads and sources degrades the power quality in both electrical utilities 
and customers. This means that the electricity supply system may have unwanted fluctuations and distortions, 
especially in its frequency and voltage [1, 2]. Power quality has two viewpoints; from the side of the supply 
of electrical power with the specified standards and from the user end. It means that electric power has to be 
delivered to the load and equipment without any disruption. The power quality is facing a wide range of 
disturbances like harmonics, sag/swell, noise, interruption, voltage imbalance, and transients. In order to 
address these challenges, a dynamic voltage restorer (DVR) may be utilized to keep issues for the power 
quality such as sagging/swelling of voltages and other disturbances at a minimum value to protect appliances 
[3-7]. The DVR has been used in practice to mitigate the voltage quality issue in the power distribution 
system. The DVR is installed between the grid and the sensitive loads through a transformer to inject the 
required voltage magnitude to compensate for the voltage difference [8—10]. 

Controlling a DVR requires a sophisticated control system such as sliding mode control. In this 
paper, the sliding mode control is used to control the DVR in regulating the voltage in the system. The 
sliding mode control is a decent branch of controller dealing with nonlinear applications. Its response is 
quick, easy to implement, and robust towards the variation of operating parameters. In [11], quasi Z source 
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inverter based single-phase DVR is presented. In the paper, the DVR works robustly and reduces the system 
total harmonic distortion (THD) at the load side. The method also minimizes the requirement of energy 
storage. The sliding mode control-based DVR with 12-switch VSI is reported in [12]. In this paper, the 
reference voltage is generated by utilizing the adaptive notch filter. Then, a sliding mode controller based for 
a three-phase DVR is reported in [13] to regulate the voltage at the distribution load. The authors in this 
paper utilize a recursive least square algorithm to generate the reference synchronization. Most of these 
papers utilize a linear sliding variable with a linear differentiator to obtain the error function derivative in 
providing a corresponding control action. The application of the linear differentiator is limited as it is 
sensitive toward the presence of noise the measured input signal. 

This paper presents a new DVR method using an approximate classical sliding mode differentiator 
with a nonlinear sliding variable to overcome the drawback of the linear differentiator. The nonlinear sliding 
variable is based on the application of the terminal sliding mode controller to maintain the magnitude of the 
load voltage at the constant value, improve the system THD, boost the robustness property and minimize the 
steady-state error of the controller output. The proposed method of DVR is applied and investigate by using 
MATLAB/Simulink. 

The structure of this paper consists of four sections. the methodology represents as an approximate 
sliding mode differentiator and nonlinear sliding variable as a terminal sliding mode, the DVR structure, the 
proposed system of the DVR, the calculation of voltage sag and the indices of voltage sag are discussed in 
Section 2, the results and discussion with the performance evaluation are presented in Section 3. Section 4 
discusses the concluding remarks of this study. 


2. METHODOLOGY 
2.1. Approximate classical sliding mode differentiator 

In this method, the chattering attitude in the sliding mode controller and observer is used to 
distinguish the characteristic in the measurement to provide the appropriate control action. An approximation 
classical sliding mode differentiator is used to differentiate this attribute, allowing the measurement of the 
ultimate bound of the error between the actual and estimated value. In addition, the method allows the user to 
control this bound by changing the estimator parameters [14, 15]. The approximate classical sliding mode 
differentiator is utilized to estimate error signal derivatives in the proposed system to minimize the error to a 
lower band as follow: 


O=€é+xXx (1) 
f= = x tan” (co) (2) 


Where ø is observer sliding variable, € is the error input signal, x is the observer dynamic, x is the derivative 
of the observer dynamic, k and c are the sliding mode differentiator design parameters, respectively. The 
value of k will be selected to ensure that o goes to zero when k > |é|. Let the estimation of error become the 
output of the following low pass filter. 


TÙ +v = = x tan’ t(co) (3) 
Where T is a time constant, and v is the output of LPF, the ACSMD be as follows; 
p= =(-v + = x tan’ +(ca)) (4) 


2.2. Nonlinear sliding variable 
2.2.1. Terminal sliding mode 

The application of the terminal sliding mode controller is reported in [16-18]. In this paper, the 
concept of a terminal sliding variable with a nonlinear term is utilized to solve the problems of the finite time 
error concourse. The terminal sliding variable is defined as follow: 


S = è+ pe” (5) 


From (5), S is defined as the sliding variable and € is defined as the ACSMD output. 6, p and r are 
the sliding variable parameters. The parameters (6, p and r) must be positive odd integers [19] and [20]. 
Additionally, p > r. In order to estimate the ultimate bound on the error €, where f (€) = €"/?. 

V ={-A * f (€) + S} x sign(e) = —Ale| + S * sign(e) (6) 
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In (6) V is the derivative of the Lyapunov function, f (€) is the function of error, sign(e) is the 
signal function, A is the sliding variable parameter. To estimate the ultimate bound on the error e(t), (6) is 
reformulated in (7) as follows: 


V = {Ax f(e) + S} * sign(e) < —Ale|"/” +p (7) 


The p in (7) represents a positive constant. Accordingly, the ultimate bound on the error € is 
determined using the following equation: 


|e(t)| = Ce ,ast > œ (8) 


With a suitable selection for p and r, the ultimate bound on the error € will be smaller than the linear 
sliding variable. 


2.3. The indices of voltage sag 

This section discusses the indices utilized in this paper to describe the quality and reliability of the 
network. These indices are utilized to represent the power system behaviour to aid the operator decision- 
making process. The Detroit Edison sag score (SS), the voltage sag lost energy index (VSLEI), and the 
voltage sag energy (Eys) are briefly discussed as follows: 


2.3.1. Detroit Edison sag score (SS) 
The detail of this index can be obtained in [21] and [22]. The equation to calculate this index is 
shown in (9): 


of =i- MATETE 100% (9) 


Va, Vg, and Vc indicate the phase voltages, respectively. The value of SS is preferred when it is 
closer to zero, which represents a better recovering voltage following the compensation. 


2.3.2. Voltage sag lost energy index (VSLEID) 
The detail of VSLEI can be referred to in [21] and [22]. This index calculates the lost energy (W) 
during the voltage sag occurrence. It is calculated using the following equation: 





(10) 


3.14 
w =T|1-——| 
Vnom 
Viom 18s defined as the nominal voltage, V is defined as the phase voltage, and T is defined as the 
time during the sag in a millisecond, respectively. 


2.3.3. Voltage sag energy (Eys): 
The Eys is calculated using the equation shown as follows: 


Eys = i . L) la (11) 


Vnom 


where the V(t) is defined as the voltage magnitude at time t, and T is defined as the duration time of the sag, 
respectively [22]. 


3. RESULTS AND DISCUSSION 
3.1. The simulation and results of the system under study 

Figure 1 shows the test system model used to evaluate the performance of the proposed method. 
The parameters of the test system model can be obtained in [23]. The test system model is modeled using 
the MATLAB/Simulink software. The proposed method discussed in Section 2 is applied to the test system 
model to evaluate its performance under several types of disturbances in the system. The test system model 
consists of two feeders with different types of load. 
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Figure 1 — The test system model utilized for the study 


3.1.1. Three-phase short circuit 

In this study, the system is subjected to a three-phase fault at t = 0.05s. The fault is applied at 
Feeder 1 for 0.13s. Figure 2 shows the response of the system, including the DVR, with the proposed method 
in mitigating the disturbance in the system. Figure 2(a) shows the three-phase voltage in Feeder 1 following 
the fault in the system. It shows that the voltage at all three phases reduced to zero during the application of 
fault. Figure 2(b) shows the voltage at the adjacent feeder, Feeder 2 following this fault. The result indicates 
that the voltage of all three phases drops to 65% of its nominal value. The DVR senses this condition and 
injects the required voltage magnitude to compensate for this difference. Figure 2(c) represents the voltage 
compensation injected by the proposed DVR. As a result, the voltage amplitude after the compensation 
improved to 0.9981, 0.998, 0.9981 in Phase A, B, and C, as shown in Figure 2(d), respectively. In addition to 
the voltage magnitude, the THD at the load before the compensation is 13.62. Following the compensation, 
the THD improves to 1.44. The result implies that the proposed DVR is able to mitigate the voltage 
disturbance caused by a balanced three-phase fault. The proposed method is able to maintain the load voltage 
and reduce the THD at the adjacent feeder following a fault in the system. 
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Figure 2. The results for the three-phase short circuit: (a) three-phase short circuit in Feeder 1, (b) the 
uncompensated load voltage, (c) the voltage inject by DVR, (d) the compensate load voltage. 
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3.1.2. Double-line-to-ground fault 

In this case, a double-line-to-ground fault of Phase A and B is applied to the system at t = 0.1s. 
The fault is applied for 0.1s. Figure 3(a) represents the load voltage at Feeder 1. The result shows that the 
voltage at phase A and B is reduced to zero, while the voltage at phase C is reduced slightly as compared to 
the nominal value. Figure 3(b) shows the load voltage measured at Feeder 2, which is the same voltage 
viewed by the proposed DVR. The results show that the voltage at phase A, B and C are 87.63%, 86.31%, 
and 93.23% as compared to the nominal voltage, respectively. Then, the proposed DVR injects the required 
voltage to mitigate the voltage disturbance. Figure 3(c) represents the injected voltage from the proposed 
DVR. Figure 3(d) shows the load voltage at Feeder 2 after the compensation. The results show that the 
proposed DVR is able to restore the voltage following the fault that occurred at the adjacent feeder. 
Consequently, the THD at Feeder 2 is also improved, being 4.61 before the compensation and improved to 
0.93 following the compensation. 
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Figure 3. The results for the double-line-to-ground fault: (a) double line to ground in Feeder 1, (b) the 
uncompensated load voltage, (c) the voltage inject by DVR, (d) the compensate load voltage. 


3.1.3. Single line to ground fault 

This section discusses the performance of the proposed method in the event of a single-phase fault 
occurred in the system. This case is crucial to this study because a single-phase fault is the most common 
fault that occurred in practice. In this study, a single line to ground fault at phase C is considered. The fault is 
applied at t=0.05s and cleared at t=0.18s. Similar to other aforementioned cases, the fault is applied at Feeder 
1. Figure 4 shows the results obtained from this study. Figure 4(a) represents the load voltage at Feeder 1. 
The result indicates that only phase C is reduced to zero when the fault occurred. Phase A and B only 
experienced a slight reduction in voltage during this period. Figure 4(b) shows the load voltage at Feeder 2. 
The figure specifies the voltage magnitude of Phase A, B, and C is 90.7%, 94.86%, 67.46% of the nominal 
voltage, respectively. Consequently, the proposed DVR detects and injects the required voltage shown in 
Figure 4(c) to compensate for these differences. As a result, the voltage is restored to its nominal value as 
shown in Figure 4(d). Also, it is noted that the THD at the load is improved after the compensation. The THD 
before and after the compensation are 6.23 and 1.18, respectively. 
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Figure 4. The results for single line to ground fault DVR: (a) single line to ground in feeder 1, (b) the 
uncompensated load voltage, (c) the voltage inject by DVR, (d) the compensate load voltage. 


3.1.4. Voltage imbalanced 

In this case, an imbalanced voltage is applied to the system at t=0.05s until t=0.185s. 
The disturbance is applied to Feeder 2. Figure 5 shows the result obtained for this study. Figure 5(a) 
illustrates the load voltage before the compensation. In this operating situation, the load voltage of phase A, 
B, and C are decreased to 72.69%, 52.18%, and 79.24% of the nominal voltage, respectively. Following 
this disturbance, the proposed DVR detects and injects the needed voltage magnitude to regulate the voltage 
at the load side. The injected voltage is shown in Figure 5(b). Consequently, the compensated load voltage is 
shown in Figure 5(c). In the figure, the load voltage of phase A, B, and C are 99.86%, 99.73%, and 99.82% 
of the nominal voltage, respectively. According to the IEC 61000-3-13, the imbalanced factor should 
not exceed 2% [24]. In this study, the imbalance factor is 11.98 before the compensation and reduced 
to approximately zero after the compensation. In addition, the total harmonic distortion at the load voltage is 


also improved; the THD is equal to 11.25 before the compensation and reduced to 1.44 following 
the compensation. 
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Figure 5. Simulation results for voltage imbalance: (a) the uncompensated load voltage, (b) the voltage 
injected by DVR, (c) the compensate load voltage. 
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3.2. Performance evaluation 

Table 1 summarizes the performance of the proposed work in mitigating the voltage disturbance. 
The performance is evaluated using the indices discussed in Section 2.3. The results tabulated in the table 
represents the performance of the ACSMD with TSMC method in terms of SS, VSLEI, and Eps. The results 
show that the proposed DVR improves the quality of the voltage in terms of SS, VSLEI, and E,,.. 
This implies that ACSMD with TSMC is able to mitigate the system voltage in the presence of three-phase, 
double line to ground, and the single line to ground fault. 


Table 1. Voltage sag indices for ACSMD with TSMC 


Voltage sag indices VSLEI (pu) Voltage sag energy (Eys) (pu) Detroit Edison sag score (SS) (pu) 
Fault type Before After Before After Before After 
Three-phase fault 14.3367 1.1774x10° 47.5660 0.0015 0.3492 0.0019 
Double-line-to-ground fault 0.3568 1.0013x10° 3.8627 0.0012 0.1094 0.0020 
Single-line-to-ground fault 3.9143 1.6113x10° 15.2329 0.0017 0.1566 0.0020 


Consequently, the performance of the proposed method is compared with the method reported in 
[23]. The method in [23] utilizes a linear sliding variable with a linear differentiator to compensate for 
the voltage disturbance in the system. Table 2 shows the comparative analysis in terms of integral time 
absolute error (ITAE). The detail of ITAE is obtained in [25]. Table 2 displays the performance comparison 
between these two methods. The results show that the proposed method outperforms the method reported in 
[23] in all operating situations considered in this study in terms of ITAE. 


Table 2. Illustrate the contrast between [23] with ACSMD with TSMC 


Operating conditions ITAE(DC) [23] ITAE (DC) 
Three-phase short circuit 1.312 0.1526 
Double-line-to-ground fault 1.335 0.1119 
Single-line-to-ground fault 1.519 0.1254 
Voltage imbalanced 1.557 0.2721 


4. CONCLUSION 

Conclusively, a novel DVR voltage compensation method based on ACSMD with TSMC, has been 
proposed. The method is based on a nonlinear differentiator to obtain the error function derivative in 
providing a corresponding control action. The method is applied to a test system model under various voltage 
disturbance scenarios to evaluate its performance in mitigating the voltage disturbance. The results show that 
the DVR based on ACSMD and TSMC can improve the voltage following a three-phase fault, a double line 
to ground fault, a single line fault and a voltage imbalance condition. The study has shown that the proposed 
method has improved the voltage, THD, SS, VSLEI, and "E" _vs of the system after the voltage 
compensation. Consequently, the performance of the method is compared with a linear sliding variable with a 
linear differentiator method. The DVR based on ACSMD and TSMC outperforms the linear sliding variable 
method in term of ITAE in compensating the voltage under various types of voltage disturbance occurred in 
the system. 
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